Introduction
============

Cellular senescence is defined as an irreversible growth arrest of cells after repeated population doublings ([@b1-ijmm-44-04-1187]). Upon senescence, cells have several characteristic features, such as larger and flattened cell morphology, protein expression representing cell cycle arrest, and increased activity of senescence-associated β-galactosidase (SA-β-Gal) ([@b2-ijmm-44-04-1187]). Although cellular senescence was originally recognized as an antitumor mechanism to inhibit the proliferation of DNA-damaged cells ([@b3-ijmm-44-04-1187]), recent studies have established the proinflammatory characteristics of senescent cells, termed senescence-associated secretory phenotype (SASP) ([@b2-ijmm-44-04-1187]). Thus, it has been proposed that senescent cells contribute to the pathogenesis of age-associated inflammatory diseases ([@b4-ijmm-44-04-1187]). For instance, atherosclerosis is a representative chronic inflammatory disease of the arteries, which is closely related to aging. Notably, senescent endothelial cells are detected at the sites of atherosclerotic lesions, suggesting the involvement of senescent endothelial cells in atherogenesis ([@b5-ijmm-44-04-1187]).

In addition to classical atherogenic conditions, such as dyslipidemia and hypertension, persistent bacterial infection can contribute to the pathogenesis of atherosclerosis ([@b6-ijmm-44-04-1187]). Lipopolysaccharide (LPS), an outer membrane component of Gram-negative bacteria, is a potential pathogenic factor for atherosclerosis ([@b7-ijmm-44-04-1187]), although the mechanism by which LPS accelerates the formation of atherosclerotic lesions is unclear. LPS acts on immune cells as well as vascular cells, and induces proinflammatory or procoagulant responses via the activation of NF-κB signaling. While the expression of LPS receptors \[CD14 and toll-like receptor 4 (TLR4)\] is considerably low in endothelial cells compared with myeloid cells, TLR4 is upregulated in endothelial cells localized in atherosclerotic lesions ([@b8-ijmm-44-04-1187]), suggesting an augmentation of LPS-induced inflammatory responses in endothelial cells via upregulated TLR4.

LL-37 is a human antimicrobial peptide of the cathelicidin family, consisting of 37 amino acids, and predominantly produced by neutrophils and epithelial cells following cleavage from the precursor of human cationic antibacterial protein of 18 kDa ([@b9-ijmm-44-04-1187]). In addition to its broad spectrum of bactericidal activity ([@b10-ijmm-44-04-1187]), LL-37 binds with host cell surface molecules, such as chemokine receptors or growth factor receptors, and induces multidirectional immunomodulatory responses in leukocytes and epithelial cells ([@b11-ijmm-44-04-1187]). LL-37 also acts on endothelial cells and induces angiogenesis via formyl peptide receptor 2 (FPR2; also known as FPRL1 and ALX) ([@b12-ijmm-44-04-1187]), or increases endothelial cell stiffness via purinergic receptor P2X 7 (P2X7) ([@b13-ijmm-44-04-1187]). Recent studies strongly suggest the involvement of LL-37 in the pathogenesis of atherosclerosis; LL-37 was found to be highly accumulated on endothelial cells of human atherosclerotic lesions ([@b14-ijmm-44-04-1187]), and knockout (KO) of cathelin-related antimicrobial peptide (CRAMP; the mouse homolog of LL-37) reduced atherosclerosis in a hyperlipidemic ApoE-deficient mice ([@b15-ijmm-44-04-1187]). In addition, extrinsic LL-37 promoted monocyte adhesion to endothelial cells in CRAMP KO mice ([@b16-ijmm-44-04-1187]), and CRAMP activated T cells in atherosclerotic ApoE-deficient mice ([@b17-ijmm-44-04-1187]). These observations suggested that LL-37 may function as a possible pathogenic factor for atherosclerosis by acting on endothelial cells and immune cells.

The NF-κB molecule p65 subunit (RelA) has a pivotal role in the SASP induction ([@b18-ijmm-44-04-1187]). The present study aimed to evaluate the response of senescent endothelial cells to LPS and LL-37 by assessing putative atherogenic molecules. Therefore, the present study focused on NF-κB p65 activation by LPS and LL-37. The results indicated that both LPS and LL-37 potently induced intercellular adhesion molecule-1 (ICAM-1) expression and NF-κB p65 activation in senescent cells compared with non-senescent cells. Furthermore, the receptors for LPS and LL-37 (TLR4 and P2X7, respectively) were upregulated in senescent endothelial cells. These observations suggested that LPS and LL-37 enhanced ICAM-1 expression and p65 activation in senescent endothelial cells, potentially via TLR4 and P2X7.

Materials and methods
=====================

Reagents
--------

LPS from *Escherichia coli* serotype O111:B4, was purchased from Sigma-Aldrich (Mer ck KGaA). The 37-mer peptide LL-37 of the human cathelicidin family (L^1^L GDF FRK SKE KIG KEF KRI VQR IKD FLR MLV PRTES^37^) was synthesized with the solid phase method on a peptide synthesizer (model PSSM-8; Shimadzu Corporation) by F-moc chemistry and purified as described previously ([@b19-ijmm-44-04-1187]). The FPR2 antagonist WRW4 peptide (sequence: WRWWWW) was from Alomone Labs; the P2X7 inhibitor KN-62 was from Sigma-Aldrich (Merck KGaA).

Antibodies
----------

Anti-CD14-phycoerythrin (PE; MY4; cat. no. CO6603262; Beckman Coulter, Inc.), anti-TLR4-PE (HTA125; cat. no. 12-9917-42; eBioscience; Thermo Fisher Scientific, Inc.), anti-FPR2-PE (GM1D6; cat. no. sc-57141; Santa Cruz Biotechnology, Inc.) and isotype control immunoglobulin G (IgG)-PE (eBM2a; cat. no. 12-4724-42; eBioscience; Thermo Fisher Scientific, Inc.) were used for flow cytometry. Polyclonal anti-P2X7 (cat. no. APR-008; Alomone Labs), normal rabbit IgG (cat. no. PM035; Medical and Biological Laboratories, Ltd.) and PE-conjugated donkey anti-rabbit IgG (cat. no. 406421; BioLegend, Inc.) were also used for flow cytometry. Anti-ICAM-1 (H-108; cat. no. sc-7891; Santa Cruz Biotechnology, Inc.), anti-phosphorylated (p-) NF-κB p65 Ser 536 (93H1; cat. no. 3033; Cell Signaling Technology, Inc.), anti-NF-κB p65 (D14E12; cat. no. 8242; Cell Signaling Technology, Inc.), anti-cyclin-dependent kinase inhibitor 1A (CDKN1A; also known as p21 Waf1/Cip1; 12D1; cat. no. 2947; Cell Signaling Technology, Inc.), horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (cat. no. 12-348; Chemicon International; Merck KGaA) and anti-GAPDH-HRP (5A12; cat. no. 015-25473; Wako Pure Chemical Industries, Ltd.) were used for western blot analysis.

Cell culture
------------

Human umbilical vein endothelial cells (HUVECs; tested negative for mycoplasma, bacteria, yeast, fungi, HIV-1, hepatitis B and hepatitis C) were purchased from Lonza Group, Ltd. and cultured in endothelial cell growth medium 2 (EGM-2), containing 2% FBS, endothelial cell growth supplements and antibiotics (EGM-2 Bullet kit; Lonza Group, Ltd.) at 37°C in a humidified atmosphere of 5% CO~2~ and 95% air. Cells were maintained in 10 cm-diameter tissue culture-treated dishes and passaged every 3 or 4 days. HUVECs with population doubling level \<4 (PDL; the total number of times the cells in the population have doubled *in vitro* since their primary isolation) were used as non-senescent cells; whereas senescent HUVECs were prepared by serial passage of the cells (PDL, \>32) and exhibited senescent characteristics, as shown in [Fig. 1](#f1-ijmm-44-04-1187){ref-type="fig"}.

SA-β-Gal assay
--------------

SA-β-Gal staining was performed using Senescence Detection kit (BioVision, Inc.) according to the manufacturer\'s protocol. Images were captured using a Leica DM IL LED light microscope and LAS EZ software (Leica Microsystems GmbH).

Expression analysis by flow cytometry
-------------------------------------

Senescent or non-senescent HUVECs were detached with 0.05% trypsin/EDTA, washed with 1% FBS/PBS, suspended in undiluted Clear Back (a human Fc receptor blocking reagent; Medical and Biological Laboratories, Ltd.) for 15 min on ice, incubated with anti-CD14-PE, anti-TLR4-PE, anti-FRP2-PE or isotype IgG-PE (5 *µ*g/ml final) for 30 min on ice, and then analyzed by flow cytometry (FACSCalibur; Becton, Dickinson and Company) using CellQuest Pro software (version 6.0; Becton, Dickinson and Company). For the P2X7 expression analysis, cells were detached with Cell Dissociation Solution (Sigma-Aldrich; Merck KGaA), washed, blocked with Clear Back as aforementioned, and incubated with anti-P2X7 or normal rabbit IgG (5 *µ*g/ml final) for 30 min on ice, followed by anti-rabbit IgG-PE (5 *µ*g/ml final) for 30 min on ice.

Western blot analysis
---------------------

Senescent or non-senescent HUVECs in 6-well plates were incubated with LPS (10 or 100 ng/ml) or LL-37 (2, 5 or 10 *µ*g/ml) for the indicated periods. For the experiments using receptor antagonists, cells were pre-incubated with WRW4 peptide (0.1 or 1 *µ*M), KN-62 (0.1 or 1 *µ*M) or DMSO as a solvent control for 30 min, and then incubated with LL-37 (5 *µ*g/ml) for 24 h. Cells were lysed in RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40 and 0.1% SDS; Wako Pure Chemical Industries, Ltd.) with complete protease inhibitor cocktails and PhosSTOP phosphatase inhibitor cocktails (Roche Diagnostics). Cell lysates (5 *µ*g protein/lane, determined by bicinchoninic acid assay) were subjected to 8% SDS-PAGE and transferred to polyvinylidene fluoride membranes (Immobilon-P; EMD Millipore) using a semi-dry transfer system (Trans-Blot; Bio-Rad Laboratories, Inc.). The membranes were blocked with undiluted BlockAce (DS Pharma Biomedical Co., Ltd.) for 1 h at room temperature (RT), probed with anti-ICAM-1 (1:1,000), anti-p-NF-κB p65 (Ser536; 1:3,000), anti-total NF-κB p65 (1:3,000), or anti-p21 Waf1/Cip1 (1:1,000) primary antibodies overnight at 4°C, followed by HRP-conjugated goat anti-rabbit IgG (1:5,000) for 2 h at RT. Signals were developed with SuperSignal West Pico/Dura Chemiluminescent Substrate (Pierce; Thermo Fisher Scientific, Inc.) and detected using FUSION FX luminescent image analyzer (Vilber Lourmat) and FUSION-Capt Advance software (version 17.03b; Vilber Lourmat). GAPDH was used as an internal control.

NF-κB p65 localization analysis with immunofluorescence
-------------------------------------------------------

HUVECs were seeded into Lab Tek II CC2 chamber slides (Nunc; Thermo Fisher Scientific, Inc.) and cultured overnight at 37°C and 5% CO~2~. Cells were then incubated with LL-37 (10 *µ*g/ml) at 37°C for 4 h, washed, fixed with 2% paraformaldehyde for 10 min at RT, permeabilized with 0.2% Triton X-100, blocked with undiluted BlockAce for 1 h at RT, and incubated with the primary antibody against NF-κB p65 (D14E12; 1:500) overnight at 4°C. After washing, cells were further incubated with Alexa Fluor 488-labeled goat anti-rabbit IgG (cat. no. A27034; 1:1,000; Invitrogen; Thermo Fisher Scientific, Inc.) overnight at 4°C, followed by mounting with an aqueous media (Vectashield Hardset with DAPI; Vector laboratories, Inc.). Images were captured using a BZ-X710 fluorescence microscope (Keyence Corporation).

Statistical analysis
--------------------

Data are presented as means ± SD. Statistical significance was determined by unpaired t-test or two-way ANOVA followed by Dunnett\'s multiple comparisons test (GraphPad Prism 8; GraphPad Software, Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Preparation of senescent endothelial cells
------------------------------------------

To prepare senescent endothelial cells, HUVECs were serially passaged. A previous report revealed that HUVECs of PDL30 became non-proliferative with larger cell size, and the numbers of β-Gal-positive cells were significantly higher compared with cells of PDL9 ([@b20-ijmm-44-04-1187]), indicating that HUVECs at PDL \>30 acquire a senescence phenotype. Similarly, in the present study, the cell proliferation rate appeared decreased at PDL \~30, and the cells no longer proliferated at PDL40 (data not shown). During serial passage, a morphological change of the cells was also observed from spindle shape (PDL4 cells) to enlarged and irregular shape (PDL32 cells; [Fig. 1A](#f1-ijmm-44-04-1187){ref-type="fig"}). In addition, a marked increase in SA-β-Gal-positive cell ratio was found in PDL32 cells compared with PDL4 cells ([Fig. 1B](#f1-ijmm-44-04-1187){ref-type="fig"}). Furthermore, western blot analysis revealed the upregulation of p21 Waf1/Cip1 (an inhibitory protein of cyclin-dependent kinase) in the PDL32 cells ([Fig. 1C](#f1-ijmm-44-04-1187){ref-type="fig"}), indicating cell cycle arrest. Of note, it has been established that cell senescence is accompanied by the induction of the SASP inflammatory phenotype, as characterized by the upregulation of proinflammatory cytokines, adhesion molecules, growth factors or proteases ([@b2-ijmm-44-04-1187]). In the PDL32 cells generated in the present study, ICAM-1 protein expression levels were markedly increased in the PDL32 cells compared with the PDL4 cells ([Fig. 1C](#f1-ijmm-44-04-1187){ref-type="fig"}), confirming the SASP induction. These observations indicated that senescence was successfully induced in the endothelial cells. Thus, in the present study and for subsequent experiments, cells of PDL \>32 were used as senescent, while cells of PDL \<4 were used as non-senescent.

LPS-induced ICAM-1 expression in senescent endothelial cells
------------------------------------------------------------

Persistent bacterial infection or increased serum LPS are associated with the pathogenesis of atherosclerosis ([@b6-ijmm-44-04-1187],[@b7-ijmm-44-04-1187]). Importantly, aging is a major risk factor for the development of atherosclerosis ([@b4-ijmm-44-04-1187]). Therefore, it was hypothesized that senescent endothelial cells may be more sensitive to LPS. Senescent HUVECs were incubated with LPS (10 or 100 ng/ml), and the ICAM-1 protein expression levels were compared with that of non-senescent cells by western blot analysis. As shown in [Fig. 2](#f2-ijmm-44-04-1187){ref-type="fig"}, LPS stimulation (100 ng/ml) significantly induced ICAM-1 expression in both non-senescent cells and senescent cells. Of note, ICAM-1 protein expression levels in LPS-stimulated senescent cells (100 ng/ml) were significantly higher compared with the levels in LPS-stimulated non-senescent cells ([Fig. 2](#f2-ijmm-44-04-1187){ref-type="fig"}).

LPS-induced NF-κB p65 activation in senescent endothelial cells
---------------------------------------------------------------

NF-κB p65 has a pivotal role in the inflammatory responses, especially in myeloid cells, and is also responsible for endothelial inflammatory responses, such as LPS-induced ICAM-1 expression ([@b21-ijmm-44-04-1187]). To evaluate the role of NF-κB p65 in senescent endothelial cells, first the basal expression and phos-phorylation levels were investigated in senescent HUVECs. Notably, the total protein expression levels of p65 were increased in senescent cells compared with non-senescent cells ([Fig. 3A](#f3-ijmm-44-04-1187){ref-type="fig"}). In addition, the phosphorylated p65 (at Ser536) levels were increased in senescent cells compared with non-senescent cells ([Fig. 3B](#f3-ijmm-44-04-1187){ref-type="fig"}). Thus, senescent endothelial cells express intrinsically increased levels of phosphorylated (activated) NF-κB p65 compared with non-senescent endothelial cells.

Next, in order to elucidate the mechanism for the enhanced level of LPS-induced ICAM-1 expression in senescent endothelial cells ([Fig. 2](#f2-ijmm-44-04-1187){ref-type="fig"}), the phosphorylation levels of p65 were evaluated following LPS stimulation. LPS stimulation (100 ng/ml) induced the phosphorylation of p65 (as evidenced by an increase in the p-p65/total p65 ratio) in both non-senescent and senescent cells ([Fig. 3C and D](#f3-ijmm-44-04-1187){ref-type="fig"}); notably, p65 phosphorylation was significantly more pronounced in senescent cells, compared with non-senescent cells ([Fig. 3C and D](#f3-ijmm-44-04-1187){ref-type="fig"}). These observations suggested that NF-κB p65 activation is enhanced by LPS stimulation, which may be associated with the enhanced expression of ICAM-1 in senescent endothelial cells.

Expression of LPS receptors in senescent endothelial cells
----------------------------------------------------------

It has been demonstrated that aging is associated with changes of TLR expression levels in mice ([@b22-ijmm-44-04-1187]) and humans ([@b23-ijmm-44-04-1187]). Since the LPS-induced ICAM-1 expression and p65 phosphorylation were enhanced in senescent cells ([Figs. 2](#f2-ijmm-44-04-1187){ref-type="fig"} and [3](#f3-ijmm-44-04-1187){ref-type="fig"}), it was next speculated that an increase of LPS receptor expression may be present in senescent cells. Thus, the cell surface expression levels of the LPS receptors CD14 and TLR4 were analyzed in non-senescent and senescent cells by flow cytometry. The results indicated that TLR4 was upregulated in senescent endothelial cells compared with non-senescent cells ([Fig. 4A](#f4-ijmm-44-04-1187){ref-type="fig"}). By contrast, CD14 was downregulated in senescent endothelial cells compared with non-senescent cells ([Fig. 4B](#f4-ijmm-44-04-1187){ref-type="fig"}).

LL-37-induced ICAM-1 expression in senescent endothelial cells
--------------------------------------------------------------

Human antimicrobial peptide LL-37 has been speculated to be involved in the pathogenesis of atherosclerosis ([@b14-ijmm-44-04-1187],[@b15-ijmm-44-04-1187]). Moreover, *in vitro* studies have demonstrated the direct action of LL-37 on immune or vascular cells; LL-37 induces integrin activation in monocytes ([@b16-ijmm-44-04-1187]), and induces ICAM-1 and monocyte chemoattractant protein-1 expression in endothelial cells ([@b14-ijmm-44-04-1187]). These observations suggest that LL-37 promotes monocyte/macrophage-endothelial cell interaction in atherosclerosis. Thus, to assess the effect of LL-37 on senescent endothelial cells, senescent HUVECs were incubated with LL-37 (2, 5 or 10 *µ*g/ml), and the ICAM-1 protein expression levels were compared with those of non-senescent cells by western blot analysis. LL-37 stimulation induced ICAM-1 expression in senescent HUVECs ([Fig. 5](#f5-ijmm-44-04-1187){ref-type="fig"}). Notably, LL-37 stimulation (5 and 10 *µ*g/ml) more potently induced ICAM-1 expression in senescent cells compared with non-senescent cells ([Fig. 5](#f5-ijmm-44-04-1187){ref-type="fig"}).

LL-37-induced NF-κB p65 activation in senescent endothelial cells
-----------------------------------------------------------------

The signaling molecules involved in the LL-37-induced ICAM-1 expression of endothelial cells has not been elucidated. Koczulla *et al* ([@b12-ijmm-44-04-1187]) reported that NF-κB p65 was involved in the LL-37-induced endothelial cell proliferation, by demonstrating nuclear translocation of p65 following LL-37 stimulation ([@b12-ijmm-44-04-1187]). Thus, the present study investigated the localization of p65 in HUVECs following LL-37 stimulation by immunofluorescence. The results revealed that LL-37 stimulation (10 *µ*g/ml) induced the translocation of p65 from cytoplasm to nucleus ([Fig. 6A](#f6-ijmm-44-04-1187){ref-type="fig"}), confirming the activation of NF-κB signaling by LL-37 in endothelial cells.

Next, to elucidate the mechanism underlying the enhanced levels of LL-37-induced ICAM-1 expression in senescent endothelial cells ([Fig. 5](#f5-ijmm-44-04-1187){ref-type="fig"}), the present study evaluated the activation of p65 following LL-37 stimulation by western blot analysis. LL-37 stimulation (10 *µ*g/ml) induced the phosphorylation of p65 (as evidenced by the increased ratio of phosphorylated p65/total p65) in both non-senescent and senescent cells ([Fig. 6B and C](#f6-ijmm-44-04-1187){ref-type="fig"}); notably, p65 phosphorylation was significantly enhanced in senescent cells, compared with non-senescent cells ([Fig. 6B and C](#f6-ijmm-44-04-1187){ref-type="fig"}). These observations suggested that NF-κB p65 was more potently activated (phosphorylated) by LL-37 in senescent HUVECs, which may contribute to the enhanced expression of ICAM-1 in senescent endothelial cells.

Expression of LL-37 receptors in senescent endothelial cells
------------------------------------------------------------

Several cell surface receptors are involved in the LL-37-induced host cell activation. FRP2 is known as an LL-37 receptor in endothelial cells; LL-37 induces cell proliferation of HUVECs via FRP2 ([@b12-ijmm-44-04-1187]), or acts on FRP2 in endothelial cells to induce vascular smooth muscle relaxation in veins ([@b24-ijmm-44-04-1187]). However, the LL-37 receptor responsible for ICAM-1 induction is unknown. To identify the LL-37 receptor involved in ICAM-1 induction, the present study first assessed the effect of an FPR2 antagonist on the LL-37-induced ICAM-1 expression. As shown in [Fig. 7A](#f7-ijmm-44-04-1187){ref-type="fig"}, the FPR2 antagonist WRW4 peptide (1 *µ*M) attenuated the LL-37-induced ICAM-1 expression, suggesting that LL-37 induced ICAM-1 expression via FPR2. Additionally, P2X7 is also reported as a receptor for LL-37 in immune cells ([@b25-ijmm-44-04-1187]) and endothelial cells ([@b13-ijmm-44-04-1187]). In the present study, the P2X7 antagonist KN-62 (1 *µ*M) attenuated the LL-37-induced ICAM-1 expression ([Fig. 7A](#f7-ijmm-44-04-1187){ref-type="fig"}), confirming P2X7 as an LL-37 receptor involved in ICAM-1 induction. Of note, the combination of WRW4 and KN-62 (0.1 *µ*M each) suppressed the LL-37-induced ICAM-1 expression, although WRW4 or KN-62 at the same concentration alone did not affect ICAM-1 expression ([Fig. 7A](#f7-ijmm-44-04-1187){ref-type="fig"}), suggesting that FRP2 and P2X7 may cooperatively function as receptors for the LL-37-induced ICAM-1 expression. These observations indicated that LL-37 induced ICAM-1 expression in endothelial cells via both FRP2 and P2X7.

Since LL-37 induced ICAM-1 expression and p65 phos-phorylation more potently in senescent cells compared with non-senescent cells ([Figs. 5](#f5-ijmm-44-04-1187){ref-type="fig"} and [6](#f6-ijmm-44-04-1187){ref-type="fig"}), it was speculated that the LL-37 receptors may be upregulated in senescent cells. Thus, the cell surface expression levels of FRP2 and P2X7 were analyzed in senescent cells by flow cytometry. The results demonstrated that P2X7 was upregulated in senescent cells compared with non-senescent cells ([Fig. 7C](#f7-ijmm-44-04-1187){ref-type="fig"}), whereas no difference was observed in the FRP2 levels between senescent and non-senescent cells ([Fig. 7B](#f7-ijmm-44-04-1187){ref-type="fig"}).

Discussion
==========

Cellular senescence is associated with the induction of the proinflammatory phenotype, termed SASP ([@b2-ijmm-44-04-1187]). ICAM-1 is recognized as a representative SASP marker in endothelial cells, since overexpression of ICAM-1 is commonly observed in several senescent endothelial cell models, including stress stimulation ([@b26-ijmm-44-04-1187]), serial passage ([@b20-ijmm-44-04-1187]) and oncogene transfer ([@b5-ijmm-44-04-1187]). In the present study, the basal expression levels of ICAM-1 were compared between senescent and non-senescent HUVECs, and, as expected, ICAM-1 was demonstrated to be upregulated in senescent cells ([Fig. 1C](#f1-ijmm-44-04-1187){ref-type="fig"}). Furthermore, p65 activation (phosphorylation) was compared between senescent and non-senescent endothelial cells, since NF-κB p65 has a pivotal role in basal SASP induction ([@b27-ijmm-44-04-1187]). The present results demonstrated that p65 phosphorylation, as well as the total amount of p65, was upregulated in senescent endothelial cells. Thus, the present study revealed that senescent endothelial cells exhibited intrinsic proinflammatory features, as indicated by higher ICAM-1 expression and p65 activation.

Localization of senescent endothelial cells at the sites of atherosclerotic lesions suggests the involvement of senescent endothelial cells in atherogenesis ([@b5-ijmm-44-04-1187]). The present study compared the response to LPS, a potential atherogenic factor, between senescent and non-senescent HUVECs, and revealed that both ICAM-1 expression and p65 phosphorylation were increased in senescent endothelial cells compared with non-senescent endothelial cells. This observation suggested that the NF-κB p65 pathway was more potently activated by LPS in senescent endothelial cells, which may result in the enhanced expression of ICAM-1. Expression of ICAM-1 (an adhesion molecule) is important for the interaction of monocyte/macrophage to endothelial cells, the initial step of vascular inflammation. Thus, the enhanced ICAM-1 expression is expected to promote monocyte/macrophage adhesion to senescent endothelial cells and migration of these cells into the atherosclerotic lesion.

Previously, the effect of LPS on senescent cells was evaluated using fibroblasts *in vitro*; LPS from *Campylobacter rectus*, which is associated with adult periodontitis, induces higher production of interleukin (IL)-6 and plasminogen activator in senescent gingival fibroblasts prepared by serial passage ([@b28-ijmm-44-04-1187],[@b29-ijmm-44-04-1187]). These results are consistent with the present finding that the LPS response is more enhanced in senescent cells compared with non-senescent cells.

The important role of TLR4-mediated signaling has been demonstrated in atherogenesis, based on the finding that the KO of TLR4 or myeloid differentiation factor 88 (MyD88) reduces the aortic plaque area in ApoE-deficient atherosclerotic mouse ([@b30-ijmm-44-04-1187]). To elucidate the mechanism for enhanced p65 activation and ICAM-1 expression in senescent endothelial cells, the present study compared the expression levels of LPS receptors TLR4 and CD14 between non-senescent and senescent cells by flow cytometry. Of note, TLR4 was upregulated in senescent endothelial cells, whereas CD14 was downregulated in senescent endothelial cells. Therefore, the LPS-induced enhanced p65 phosphorylation and ICAM-1 expression observed in senescent endothelial cells may be mediated via the upregulated TLR4. However, the involvement of CD14 in the LPS response in senescent cells cannot be excluded, because endothelial cells have also been reported to use a soluble form of CD14 for the transfer of LPS to TLR4 ([@b31-ijmm-44-04-1187]).

The present study revealed the upregulation of TLR4 in serial passage-induced senescent endothelial cells. Notably, high glucose and oxidative stress are recognized as inducers of cellular senescence ([@b32-ijmm-44-04-1187]), and TLR4 is upregulated by high glucose in human retinal vascular endothelial cells isolated from patients with diabetic retinopathy ([@b32-ijmm-44-04-1187]), and by oxidative stress in rat and human cerebral endothelial cells ([@b33-ijmm-44-04-1187]). Therefore, it can be speculated that TLR4 is upregulated in senescent endothelial cells under various conditions including high glucose and oxidative stress.

It is proposed that bacterial infection with *Chlamydia pneumoniae* or *Porphyromonas gingivaris* is associated with the pathogenesis of atherosclerosis ([@b34-ijmm-44-04-1187]). We have previously indicated that Chlamydiaceae LPS has low affinities for LPS recognition molecules (such as CD14 and LPS-binding protein) and exhibits weak biological activities against monocytes, thereby possibly contributing to the persistent inflammatory response during infection ([@b35-ijmm-44-04-1187]). Furthermore, *P. gingivaris* LPS, at a higher concentration (1 *µ*g/ml), was demonstrated to induce proinflammatory responses including ICAM-1 expression in HUVECs ([@b36-ijmm-44-04-1187]). By contrast, gut-derived bacterial LPS (such as *E. coli* LPS) possesses a potent biological activity and can be detected in the atherosclerotic plaque of carotid arteries ([@b37-ijmm-44-04-1187]); in addition, the serum levels of *E. coli* LPS is significantly higher in the atherosclerosis patients ([@b37-ijmm-44-04-1187]). Thus, the present study used *E. coli* LPS for evaluating the LPS response of senescent cells, and revealed that *E. coli* LPS potently induced ICAM-1 expression and p65 phosphorylation in senescent endothelial cells.

LL-37 was originally identified as a human antimicrobial peptide of the cathelicidin family; it is released by neutrophils and epithelial cells upon infection and participates in bacterial killing ([@b9-ijmm-44-04-1187],[@b10-ijmm-44-04-1187]). However accumulating evidence has revealed that LL-37 acts on host cells (immune cells, epithelial cells and endothelial cells) and exhibits immunomodulatory action ([@b11-ijmm-44-04-1187]). Previous studies suggested the involvement of LL-37 in the pathogenesis of atherosclerosis ([@b14-ijmm-44-04-1187]-[@b17-ijmm-44-04-1187]). The current study compared the response of senescent and non-senescent HUVECs to LL-37, and revealed that ICAM-1 expression and p65 activation were induced more by LL-37 in senescent endothelial cells. This observation suggested that the NF-κB pathway was more potently activated by LL-37 in senescent endothelial cells to induce the enhanced expression of ICAM-1.

In the present study, the ICAM-1 induction by LL-37 in senescent endothelial cells was greater compared with non-senescent cells; LL-37 stimulation (10 *µ*g/ml) increased ICAM-1 expression by 6.3 times in senescent cells but only 1.9 times in non-senescent cells ([Fig. 5](#f5-ijmm-44-04-1187){ref-type="fig"}). By contrast, the induction of p65 phosphorylation by LL-37 was not apparent between senescent and non-senescent cells (1.7 times in senescent cells and 1.3 times in non-senescent; [Fig. 6C](#f6-ijmm-44-04-1187){ref-type="fig"}). These observations suggested that signaling molecules other than NF-κB p65 may be involved in the LL-37-induced ICAM-1 expression. It has been reported that LL-37 can activate the ERK1/2, p38 MAPK and PI3K pathways, as well as the NF-κB pathway, in several types of cells ([@b38-ijmm-44-04-1187]).

FPR2 and P2X7, the receptors for LL-37, have been identified to be present in endothelial cells ([@b12-ijmm-44-04-1187],[@b13-ijmm-44-04-1187]). To clarify the involvement of FPR2 and P2X7 in the ICAM-1 induction by LL-37, the present study utilized FPR2 and P2X7 antagonists (WRW4 peptide and KN-62, respectively), and revealed that the two antagonists inhibited the LL-37-induced ICAM-1 expression in non-senescent endothelial cells ([Fig. 7A](#f7-ijmm-44-04-1187){ref-type="fig"}), indicating that LL-37 induced ICAM-1 expression via FPR2 and P2X7 in non-senescent endothelial cells.

In order to further clarify the contribution of the two LL-37 receptors to the enhanced ICAM-1 expression in senescent endothelial cells, the expression levels of FPR2 and P2X7 were compared between senescent and non-senescent cells, by flow cytometry ([Fig. 7](#f7-ijmm-44-04-1187){ref-type="fig"}) and western blot analysis (data not shown). The results demonstrated that both FPR2 and P2X7 were expressed in non-senescent and senescent cells, and that P2X7 expression, but not FPR2 expression, was upregulated in senescent endothelial cells compared with non-senescent endothelial cells. These observations suggested that upregulated P2X7 may have a more important role in the enhanced response to LL-37 in senescent endothelial cells. In this regard, it is interesting to note that endothelial P2X7 is increased in atherosclerotic lesions of mouse aorta ([@b39-ijmm-44-04-1187]) and is required for inflammatory signaling in endothelial cells exposed to low shear stress mimicking atherogenic conditions ([@b39-ijmm-44-04-1187]). These observations suggest that LL-37 localized on endothelial cells of human atherosclerotic lesion ([@b14-ijmm-44-04-1187]) may contribute to the enhanced inflammatory response during atherogenesis possibly via the upregulated P2X7.

The effect of LPS or LL-37 on a different type of senescent endothelial cells (such as aortic endothelial cells) has not been investigated in the present study. However, the expression of endothelial TLR4 is augmented in human atherosclerotic aorta lesions, where senescent endothelial cells have been detected ([@b8-ijmm-44-04-1187]). Additionally, endothelial P2X7 is increased in atherosclerotic lesions of mouse aorta ([@b39-ijmm-44-04-1187]). Based on these observations, it can be speculated that enhanced inflammatory responses could be induced by LPS or LL-37 in different types of senescent endothelial cells (such as HUVECs and aortic endothelial cells).

In addition to its broad spectrum of bactericidal function, LL-37 directly binds to LPS released from Gram-negative bacteria, and neutralizes its biological activity ([@b40-ijmm-44-04-1187]). Due to the LPS-neutralizing activity, LL-37 suppresses the LPS-induced TNF-α production by monocytes/macrophages ([@b19-ijmm-44-04-1187]), IL-1β release and pyroptosis of monocytes/macrophages ([@b41-ijmm-44-04-1187]) and apoptosis of endothelial cells ([@b42-ijmm-44-04-1187]). Thus, it would be of interest to examine the effect of LL-37 on the LPS-induced expression of ICAM-1 in non-senescent and senescent endothelial cells. The present study evaluated the effect of simultaneous stimulation with LPS and LL-37, and the results indicated that in non-senescent endothelial cells, LL-37 stimulation (5 *µ*g/ml) did not induce the ICAM-1 expression ([Fig. 5](#f5-ijmm-44-04-1187){ref-type="fig"}) and almost completely suppressed the LPS (100 ng/ml)-induced expression of ICAM-1 due to its LPS-neutralizing activity (data not shown). By contrast, in senescent endothelial cells, LL-37 stimulation (5 *µ*g/ml) itself significantly upregulated ICAM-1 expression ([Fig. 5](#f5-ijmm-44-04-1187){ref-type="fig"}), but suppressed the LPS-induced expression of ICAM-1; however, the suppression was partial, and ICAM-1 expression was retained (data not shown). Thus, LL-37 could be an atherogenic molecule for senescent endothelial cells even in the presence of LPS.

In conclusion, the present study revealed that senescent endothelial cells exhibited basal proinflammatory phenotype, as evidenced by higher ICAM-1 expression and NF-κB p65 phosphorylation. In addition, ICAM-1 expression was potently enhanced in senescent endothelial cells upon exposure to LPS and LL-37. Furthermore, NF-κB p65 signaling was more activated by LPS and LL-37 in senescent endothelial cells compared with non-senescent cells, possibly via the upregulation of their respective receptors TLR4 and P2X7. Altogether, the present results indicated that senescent endothelial cells may contribute to the pathogenesis of atherosclerosis via the basal proinflammatory phenotype and the enhanced inflammatory response against atherogenic factors, including LPS and LL-37.
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![Features of senescent endothelial cells prepared by serial passage of HUVECs. HUVECs were cultured in endothelial cell growth medium-2 in 10 cm-diameter tissue culture dishes and passaged every 3 or 4 days. (A) Phase contrast images of PDL4 (left) and PDL32 cells (right). Original magnification, ×50. (B) Images of senescence-associated β-galactosidase staining in PDL4 (left) and PDL32 cells (right). Original magnification, ×100. (C) The protein expression levels of p21 Waf1/Cip1 and ICAM-1 were analyzed in PDL4 and PDL32 cells by western blotting. GAPDH was evaluated as an internal control. Images are representative of three independent experiments. HUVECs, human umbilical vein endothelial cells; PDL, population doubling level; p21 Waf1/Cip1, cyclin-dependent kinase inhibitor 1A; ICAM-1, inter-cellular adhesion molecule-1.](IJMM-44-04-1187-g00){#f1-ijmm-44-04-1187}

![Effect of LPS on ICAM-1 expression in senescent and non-senescent endothelial cells. Senescent or non-senescent HUVECs were incubated with LPS (10 or 100 ng/ml) for 24 h. ICAM-1 protein expression levels were analyzed by western blotting, and the signals were quantified using an image analyzer. Relative expression of ICAM-1/GAPDH was expressed as a ratio to control untreated cells. Data are presented as the mean ± SD of four independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, with comparisons indicated by lines. LPS, lipopolysaccharide; ICAM-1, intercellular adhesion molecule-1; HUVECs, human umbilical vein endothelial cells; Cont, control.](IJMM-44-04-1187-g01){#f2-ijmm-44-04-1187}

![Basal and LPS-stimulated levels of NF-κB p65 in senescent and non-senescent endothelial cells. (A) The expression levels of total p65 and (B) p-p65 were analyzed in senescent and non-senescent HUVECs by western blotting. Relative expression was normalized to GAPDH and presented as relative to non-senescent cells. Data are presented as the mean ± SD of six independent experiments. (C) Senescent or non-senescent HUVECs were incubated with LPS (10 or 100 ng/ml) for 1 h. The protein expression levels of total and p-p65 were analyzed by western blotting. (D) Relative expression of p-p65/total p65 was expressed as a ratio to control untreated cells. Data are presented as the mean ± SD of four independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01, with comparisons indicated by lines. LPS, lipopolysaccharide; p-, phosphorylated; HUVECs, human umbilical vein endothelial cells; Cont, control.](IJMM-44-04-1187-g02){#f3-ijmm-44-04-1187}

![Expression levels of TLR4 and CD14 in senescent and non-senescent endothelial cells. Cell surface expression levels of the LPS receptors TLR4 and CD14 were analyzed with phycoerythrin-conjugated specific antibodies in senescent and non-senescent HUVECs by flow cytometry. (A) Relative expression of TLR4 and (B) CD14 in senescent cells was expressed as a ratio to non-senescent cells. Data are presented as the mean ± SD of at least three independent experiments. ^\*^P\<0.05, with comparisons indicated by lines. TLR, toll-like receptor; LPS, lipopolysaccharide; HUVECs, human umbilical vein endothelial cells.](IJMM-44-04-1187-g03){#f4-ijmm-44-04-1187}

![Effect of LL-37 on ICAM-1 expression in senescent and non-senescent endothelial cells. Senescent or non-senescent HUVECs were incubated with LL-37 (2, 5 or 10 *µ*g/ml) for 24 h. ICAM-1 expression was analyzed by western blotting, and the signals were quantified using an image analyzer. Relative expression of ICAM-1/GAPDH was expressed as a ratio to control untreated cells. Data are presented as the mean ± SD of at least three independent experiments. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, with comparisons indicated by lines. ICAM-1, intercellular adhesion molecule-1; HUVECs, human umbilical vein endothelial cells; Cont, control.](IJMM-44-04-1187-g04){#f5-ijmm-44-04-1187}

![Effect of LL-37 on NF-κB p65 activation in senescent and non-senescent endothelial cells. (A) Non-senescent HUVECs were seeded into chamber slides and incubated without (Control) or with LL-37 (10 *µ*g/ml) for 4 h. Cells were then analyzed for p65 expression (green) by immunofluorescence. Nuclei were counterstained with DAPI (blue). Images are representative of three independent experiments. Arrows indicate the cells with nuclear localization of p65. Original magnification, ×400. (B) Senescent or non-senescent HUVECs were incubated with LL-37 (2, 5 or 10 *µ*g/ml) for 4 h. Total and p-p65 protein expression levels were analyzed by western blotting. (C) Relative expression of p-p65/total p65 was calculated as a ratio to untreated control cells, in senescent and non-senescent cells. Data are presented as the mean ± SD of at least four independent experiments. ^\*^P\<0.05 and ^\*\*\*^P\<0.001, with comparisons indicated by lines. HUVECs, human umbilical vein endothelial cells; p-, phosphorylated; Cont, control.](IJMM-44-04-1187-g05){#f6-ijmm-44-04-1187}

![Role of FPR2 and P2X7 receptors in senescent and non-senescent endothelial cells. (A) Non-senescent HUVECs were preincubated with WRW4 (0.1 or 1 *µ*M) or KN-62 (0.1 or 1 *µ*M) for 30 min, and then incubated with LL-37 (5 *µ*g/ml) for 24 h. Alternatively, non-senescent HUVECs were preincubated with a combination of WRW4 (0.1 *µ*M) and KN-62 (0.1 *µ*M) for 30 min, and then incubated with LL-37 (5 *µ*g/ml) for 24 h. ICAM-1 protein expression levels were analyzed by western blotting. Relative expression of ICAM-1/GAPDH was calculated as a ratio to LL-37-stimulated cells without antagonists. Data are presented as the mean ± SD of at least three independent experiments. (B) Cell surface expression levels of LL-37 receptors FPR2 and (C) P2X7 were analyzed in senescent and non-senescent HUVECs by flow cytometry. Relative expression in senescent cells was calculated as a ratio to non-senescent cells. Data are presented as the mean ± SD of at least four independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, with comparisons indicated by lines. FPR2, formyl peptide receptor 2; P2X7, purinergic receptor P2X 7; HUVECs, human umbilical vein endothelial cells; ICAM-1, intercellular adhesion molecule-1; Cont, control; NS, not significant.](IJMM-44-04-1187-g06){#f7-ijmm-44-04-1187}
